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The intent of this project with Powerco was to identify the cause of premature battery failure and 
suggest improvements to the Remote Area Power System (RAPS), which is managed by Powerco 
subsidiary Basepower. An evaluation matrix was used to analyse the most beneficial solution that 
can be implemented in the RAPS unit. 
The issues that have caused the early failure for the RAPS have been determined and improvements 
to the system are suggested. These have been provided to the Powerco Research and Development 
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Recommendations are provided for the optimisation of the battery lifecycle in a Remote Area Power 
(RAP) system for Powerco Limited. 
 Powerco is an electricity distributor whose network presently has approximately 1,600 km of 
rural lines, supplying electricity to approximately 2,300 Installation Control Points (ICPs) 
connections. 
 These rural lines require costly repairs and replacement with the current method either with 
11 KV or “Single Wire Earth Return” lines. 
 There has been a development of an alternative solution for supplying power to these 
remote customers (the Remote Area Power System (RAPS) unit) since 2009. 
 The batteries from a unit at a dedicated test site had failed prematurely, so further 
investigation to the cause and prevention of this problem forms the project scope. 
 
Project Scope 
The project involved analysis and review of data from the RAPS site to establish the reason and the 
instance when the failure occurred to the batteries. The following areas of the battery data involved 
are: 
 Cycle Life 
 Temperature and Environment 
 Depth of Discharge (DOD) 
 Recharging Procedures 
 
The results from the investigation will determine the likely cause of the battery failure and 
determine the potential methods to resolve this issue. 
 
Data Analysis 
The methodology of the data analysis and investigation followed a process of:  
 Identifying manufacturer and industry recommended data, 
 Retrieve RAPS unit data from various sources , both within Powerco and from contractors, 
 Filter, process and analyse data with useful outputs to meet objectives, 
 Obtain conclusions from the analysis to produce solutions to remedy the battery wear. 
 
Conclusion 
The improvement to the RAPS unit will make the system more reliable and cost effective by the 
prevention of premature battery failure. This system has multiple components and the effect from 
many different variables have reduced the life expectancy of the batteries. Particularly damaging are 
the long and frequent periods of large depth of discharge during winter periods along with an 




Causes of sulfation include (but are not limited to): 
 Large DOD levels. 
 Long periods when the battery State of Charge (SOC) is below 80%. 
 Fluctuating temperature. 
 Insufficient charging of batteries to a high SOC on a regular basis.  
 Normal discharge and recharge operations. 
 
Sulfation is the formation of small lead sulfate crystals during battery discharge, which are usually 
dissolved back into the acid during recharge. During natural again or as a result of poor maintenance 
of the batteries these crystals will grow larger and become hard. This will cause physical damage 
within the battery cells and results in the decrease of capacity and life expectancy. 
All the above issues are factors which will have a negative impact on the life expectancy of the 
batteries. In order to minimise this damage to the RAP system, it needs staff members to have an 
effective knowledge about the operation of lead-acid batteries. It is beneficial for staff members to 
have an understanding of the battery characteristics and recognising failure modes as this is useful 
for the prevention of battery failure. 
Batteries will continue to be developed and improved, so there may never be a complete list of 
batteries. However on-going research in the future will identify potential solutions and problems, 
which can be used to further enhance the RAPS unit to become more reliable and cost effective.  
Any new component added or changes made to the RAP system, will need further refinements 
during the testing stage. The modified RAPS unit will need to be monitored for a certain time period 
and evaluated against the designed specifications and goals. After these can be confirmed, then the 
changes can be approved for wider roll out. 
 
Recommendation 
The following factors should be considered when implementing changes to the RAPS unit to improve 
the lifecycle of the batteries are: 
 How significant are the changes likely to impact in the life expectancy of the batteries? 
 Are the changes worth the time and cost involved?  
 Does the solution meet the requirement of the current modular unit? 
 What are the impacts on the overall system and consumers? 
 Have the trade-off between capital and operational expenditure, battery SOC, PV and diesel 
generation been considered? 
 
All potential solutions will increase the life expectancy of the batteries in the RAPS units. The 
evaluation of the RAPS failure of the batteries and potential solutions summarised in section 4.6, and 
it has been determined that it is of benefit to change from the current lead-acid batteries to the 
Lithium Iron Phosphate batteries. 
 
 
The Lithium Iron Phosphate batteries are likely to improve the performance of the RAPS unit, 
beyond the capabilities of the current lead-acid batteries. The next step would be to carry out a 
more detailed assessment which would include an up to date cost breakdown.  
It would be desirable for Powerco to change the battery chemistry to Lithium Iron Phosphate as the 
benefits are: 
 Batteries can operate in a partially discharged state therefore avoid the need to constantly 
be charged at a high SOC. 
 Faster charging and discharging rate. 
 Does not require periodically or equalisation charging. 
 Reduction in weight, size and easier transportation methods. 
 Increase in the life expectancy and reliable of the RAPS system for consumers.  
 
The improvement should then be tested, monitored and analysed at a test site, ideally at an existing 
site. The data then should be compared against past data from RAPS sites and manufacturers’ 
guidelines. The result of this trial would provide an empirical  indication as to whether the changes 
have improved the lifecycle of the RAPS unit.  
The alternatives to implementing the Lithium Iron Phosphate should also be considered:  
 The risks of new technology can perform differently to what has been stated by the 
manufacturer, so the actual performance compared to current lead-acid battery could be 
worse off. 
 Partnership with an external provider may help develop a cheaper solution to fit the RAPS 
unit requirements. 
 Install larger lead-acid batteries, renewable or hybrid renewable systems whilst waiting for 
new battery technologies to mature (i.e. Aquion). 




The expected risks for the implementation of Lithium Iron Phosphate batteries are: 
 Incorrect management (by over or under charging) or maintenance can halt operation or 
reduce capacity, so careful design parameters must be set to mitigate the early failure risk of 
the batteries. 
 Lithium Iron Phosphate batteries are an emerging technology, so experience within the 
industry is limited; however as the technology develops the industry will be well supported 
with experts. 
 The chemicals in the batteries are more reactive than lead-acid, so additional precaution 
should be taken. 
 Battery management system can fail, so general inspections are still required periodically.  
 
The risks of the implementation of the Lithium Iron Phosphate battery can be managed or mitigated 





AC Alternating current – Electric current that alternates between forward and 
reverse directions in a sinusoidal waveform, normally operating at a frequency 
of 50 Hertz in New Zealand. Most households are supplied this form of 
electricity and it is typical in power generation. 
Ah Amp-hour – The measure of electric current (in Amperes) flowing in a conductor 
or wire past a certain point in an hour. 
C10 “C” rating – The battery capacity rating when discharged over a period of 10 
hours. (Medium discharge) 
C100 “C” rating – The battery capacity rating when discharged over a period of 100 
hours. (Slower discharge) 
CAPEX Capital Expenditure – Initial capital investment into asset. 
DOD Depth Of Discharge – The percentage of the total battery capacity discharged. 
DC Direct Current – Electric current which flows in one direction. This is common 
from PV and batteries. 
ICPs Installation Control Points – Are unique identifiers, which is linked to a national 
database that contains information for every connection on a network from 
which electricity is supplied to a site. 
Inverter An inverter is an electrical device which converts CD to AC. These often have the 
additional capability to rectify current from AC to DC. 
KVA Kilovolt-ampere – Unit used for the apparent power. 
kW Kilowatt – A measure to rate production capacity of generator and electricity 
requirement of appliances. 
kWh Kilowatt-hour – The amount of energy used or produced equal to one kilowatt 
for one hour. 
OPEX Operation Expenditure – The expenses involved for the maintenance and 
operation of asset. 
PV Photovoltaic – This is device converts light energy into electricity, as so known as 
a solar panel. 
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The purpose of this Master of Engineering Management project with Powerco was to investigate the 
batteries in the Remote Area Power System (RAPS) units, which the unit provides an alternative 
solution for the costly replacement or repair of ageing rural lines, to identify potential improvements 
to the lifecycle of the battery bank.  
1.2 New Zealand Electricity Background 
The New Zealand electricity began in the late 1800s, with access in small areas to locally generated 
electricity. After growth and development, there was a drive for farmers and rural property owners 
to become connected to the New Zealand electricity grid in the mid-1900s. During this period, the 
Rural Electricity Reticulation Council (RERC) was formed to help provide a subsidy for the 
construction of rural lines. A large uptake to this scheme was during the periods between 1950s to 
1970s, this resulted in a majority of current rural line built, and are expected to reach the end of 
their estimated use of life. 
The current economic climate is different to that in the 1960s, and replacements of these lines are 
difficult, particularly with factors of terrain, accessibility, stricter regulation and the need to justify 
the costs involved. There was approximately 17,000 km of “uneconomical” electricity lines built 
(currently 12% of New Zealand total electricity lines) with the RERC subsidy during the mid-1900s. 
(Ministry of Economic Development, 2009) 
Current methods to replace these rural lines are either with 11 kV or “Single Wire Earth Return” 
lines; however technology has sufficiently advanced to where the renewable energy systems 
supported with a backup diesel generator have similar or lower costs. Electricity distributors and 
some rural consumers will see benefits to either or both parties that range from reduction in capital 
investment, more reliable supply of electricity, cheaper annual power charges, lower maintenance 
and lower operational expenditure. 
1.3 Company Background 
Powerco Limited was formed in 1993 and based in New Plymouth. By a process of acquisitions and 
mergers of 11 other companies they now supply approximately 420,000 customers which makes 
Powerco the second largest gas and electricity distributor in New Zealand by the number of 
customer. Powerco’s network is the largest in electricity (by distance) and second largest in gas 
distributor in New Zealand, with approximately 30,000 km of power lines and 6,170 km of gas pipes.  
The network is distributed over 39,000 km2 which makes Powerco the largest energy distributor by 
area in New Zealand. The network covers Tauranga, Thames, Coromandel, Eastern and Southern 
Waikato, Taranaki, Wanganui, Rangitikei, Manawatu, Wairarapa, Hutt Valley, Porirua, Wellington, 
Horowhenua and Hawke’s Bay. (Powerco Limited, 2012) 
Within the Powerco electricity network there are 1,600 km of rural lines supplying electricity to 
approximately 2,300 ICPs connections, which have been constructed with the assistance of the RERC 
and contributions from the land owners. (Broughton, 2012) 
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1.3.1 Organisation Structure 
The department sponsoring this project is the Electricity Planning, with direct support from the 
Research and Development team. All work carried out does affect other departments within the 
organisation, dependant on the project. The Electricity Planning team owns the decisions on what 
assets to deploy and are responsible for the performance management of network equipment. 
The Research and Development department facilitate the development of innovative enhancement 
to current procedures, techniques, and equipment, with the intention of adding value or improving 
The Powerco network. 
1.3.1.1 Department Structure 
The Electricity Planning team is a core department of the electricity distribution division.   
The Research and Development team is a small part of the wider Powerco electricity distributor 
organisation, which acts as an internal consultant with other departments within the business. The 
key internal department is the Electricity Planning team, as well as various external groups such as 
external contractors, vendors, electricity retailers along with commercial and residential consumers.  
The department managed the Powerco subsidiary Powerline Limited Trading as Basepower, which 
marketed the RAPS units (external marketing is on hold pending a re -design). The subsidiary aims to 
design an energy supply for the independence of remote rural life, the goals set out are:  
 Reliable energy supply - No line outages from impacts of environment. 
 Independence - Able to have secure supply without the waiting for long periods to be 
reconnected. 
 Ease - No complex impact to consumer daily operations. 
1.3.2 Electricity Distribution Industry 
There is a growing number of ageing electricity assets around New Zealand, since the industry has 
been developing incrementally for over 100 years, ranging from generator, transmission and 
distribution assets. 
New Zealand’s electricity distributors are confronted with a significant issue around old rural lines, 
as a Rural Electricity Reticulation Council was formed in the mid-1900s to subsidise farmers or rural 
land owners to have electricity connected to the property. From 2010 to 2030, these rural assets are 
expected to require replacement, which is estimated to cost up to $1 billion. (Broughton, 2012)  
The New Zealand government legislation states that all current properties must be connected to the 
electricity supply and must remain connected (Talosaga & Howell, 2012) , but allows Distributors to 
use alternative means of supply, rather than lines based supply. This provides an opportunity to 
supply the electricity distribution industry with an alternative solution to the current costly method 
to the replacement of old rural lines. Although the Commerce Commission regulates electricity 
distributors and requires all costs passed on to the consumers must be in their long term interest 
(New Zealand Government, 2013).    
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2 Project Overview 
2.1 Present Situation 
The operations of the RAPS programme had a specific residential site set-up to test how small a unit 
can be installed and operated. A RAPS unit was installed at this site from 1st March 2012, and had 
operated without any problems until a fault occurred on 18th April 2013. This caused the system to 
move into protection mode by shutting down the unit. An initial examination determined that the 
battery cells have deteriorated to a poor condition and that caused the shutdown, after just 
operating for over a year (413 days).  
The investigation had reviewed past data collected and carried out physical testing to determine 
that the battery had prematurely worn out.  
2.2 Project Need 
Powerco is motivated to replace assets with cost effective solutions, while improving reliability to 
consumers. The early failure of batteries in the RAPS unit is costly and damages the reputation of  the 
product. 
Therefore to improve the cost dynamics of the units, Powerco would like greater insight into the 
premature failure so that the issues caused the shutdown can be resolved and a more cost effective 
(lifecycle cost) solution be delivered. 
2.3 Objective 
To determine the cause that instigated the batteries to be worn out prematurely, and implement a 
cost effective solution for Powerco, so the costs of a RAPS unit is maintained or cheaper whilst 
increasing the reliability of the system. 
2.4 Scope 
Analyse and review data from RAPS site to establish the reason and the instance when this condition 
occurs which affect the battery that cause the deterioration of the cells to a poor state. Due to the 
number a variables in the system, the focus will be on the batteries: 
 Cycle Life; 
 Temperature and Environment; 
 Depth of Discharge (DOD); 
 Recharging Procedures. 
 
The results will then determine the best approached to implement a cost effective solution for 
Powerco to increase the reliability of the RAPS unit and decrease the overall life costs. 
2.5 Stakeholder 
The RAPS unit – initially developed by Powerco - has been further evolved under Powerco’s brand 
Basepower. The stakeholders of this project are internal departments with Powerco, which are 
identified below: 
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Table 1: Project stakeholders and impacts involved 
Stakeholder Primary Impact 
Electricity Planning  Responsible for asset performance management so 
the report is a direct input to them 
 Approval of changes required 
 Provides an alternative solution to replace rural 
assets 
 Increase the reliability of rural assets 
Research and Development  Decision assessment and planning 
 Facilitate any programme for future RAPS unit 
development  
2.6 Requirements 
The requirements for the improvement to RAPS unit are follows: 
 Determine the issues that cause the battery to fail prematurely. 
 Provide details of solutions which will be beneficial to system. 
 Provide higher levels of reliability. 
 Have CAPEX (and lifecycle costs) remain cost effective. 
2.7 Strategy 
An annual plan is prepared to outline the activities to be carried out for the RAPS unit for the 
upcoming two years. This is made available to the stakeholders at the end of each year. The original 
RAPS strategy including in-house dedicated and expert resource has not been followed by the 
business.  With the experience of nearly ten operating systems, a revised strategy needs to be 
established and understanding the technical capabilities of technology options is crucial to this. 
2.7.1 Key Success Factors 
For the remediation of the RAPS unit, the following factors were deemed critical for the success of 
the project: 
 Reduction in both capital costs, which includes initial investment in the unit, and operation 
costs, which involves maintenance and parts replacement 
 Match or improve the reliability of the power supply 
 Match or reduce the cost of power consumption (primarily battery life loss through cycling 
and diesel use) 
 Ease of installation 
2.8 Remote Area Power System (RAPS) Unit 
As rural electricity lines are reaching the end of their estimated useful life, the New Zealand 
government regulation, states in the Electricity Industry Act 2010 that all properties current 
connected to the electricity network must remain connected for the foreseeable future or have 
electricity supplied by other means. (Broughton, 2012) 
Powerco’s initial approach to a renewable off-grid system was installed and tested in 2009. The 
decision after was made to make the RAPS unit a modular design which consists of three main parts: 
 Photovoltaic (PV) array 
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 Enclosed Energy Storage Unit (ESU) 
 Enclosed diesel generator 
The modular approach is costly; however the benefits of a standardised system outweigh the 
negative aspects. The three modular components are explained further in Appendix A. 
Figure 1 shows all three modules are connected in the AC configuration, so the house can use 
electricity generated directly from the PV panels with excess stored in the batteries. This also allows 
consumers the option to add additional generation. A successful system also requires some 
consumer load management such as energy efficiencies, energy substitution or demand side 
management. 
Currently eight systems have been installed along with a trailer unit for emergency electricity supply 
for remote outages, with on-going assessment for future site installation. 
 
Figure 1: The standard RAPS unit system arrangement (RedFlow, 2012) 
2.8.1 Site Information 
The RAPS unit that failed is sited in the Marton area. It was connected to a residential property that 
uses approximately 5,900 kWh of electricity annually. The system set-up has PV array with a total of 
4.25 kW installed, two Sunny Boy inverters (1.2kW and 2.5 kW), a battery bank rated at 540 Ah at C10 
(710 Ah at C100 rating) rating, a 5kW Sunny Island inverter and a 7.5 KVA diesel generator. The 
additional PV array was added after the initial install. 
The ESU and diesel generator are placed under the PV array, which are North orientated. The system 
is exposed to the natural environment and had served initially a single occupant with another 
arriving before the failure occurred. 
2.8.1.1 Solar Intensity 
The National Institute of Water and Atmosphere Research (NIWA) tool SolarView was utilised to 
obtain an estimate of how much potential sunlight can be absorbed at this specific site.  Table 6 from 
Appendix B observed that winter has approximately half the total amount of available sunlight in the 
summer. 
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A summary of the detailed calculations from Appendix B, data extracted from SolarView tool, gave 
an estimated total annual sunlight absorption rate of 1,475 kWh/m2/yr. The PV panels occupy a total 
area of approximately 28.16 m2, so a conversion rate efficiency of 9% will result in an annual 
generation of approximately 3,740 kWh annually. 
3 Data analysis 
The broadness of this project has made a life cycle cost model difficult to obtain, due to the number 
of options and variables associated with the RAP system. It had been discussed at the beginning to 
focus investigation on the batteries and any other variables which will have an immediate effect on 
the batteries rather than the whole system. 
This section will cover the investigation of the batteries in the RAPS unit as stated from the scope. 
The analysis methodology used a mixture of manufacturer’s datasheets or manuals and recorded 
data which was evaluated with extensive research to form conclusions. 
3.1 Battery 
A Marton residential site had Sonnenschein A600 Solar batteries installed. These are deep-cycling gel 
valve-regulated lead-acid battery type. The batteries are optimised for solar generation and require  
less maintenance. The 2V battery cells are connected in a series configuration to provide 48V, 
recommended by the inverter. 
The expected designed battery life should last up to eighteen years, under optimal operating 
conditions, such as, constant temperature at 20°C and the Depth of Discharge (DOD) is no higher 
than 20%. (Sonnenschein, 2012) The following sections are summarized in Appendix C. 
3.1.1 Cycle Life 
Battery manufacturers will test the cycle life of their battery against the IEC (International 
Electrotechnical Commission) 60896-2 standard, and produce a graph that shows the theoretical 
number of cycles against the rate of discharge of the battery, as shown in Figure 2.   
 
Figure 2: Sonnenschein A600 Solar discharged capacity versus the number of cycles (Sonnenschein, 
2012) 
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Results 
The Marton site had an average 8 kWh of energy movement daily through the batteries while the 
setting allows up to 45% of initial capacity to be discharged. Majority of the time, the batteries DOD 
was usually above this set range. (Smithies, 2013) The daily DOD average movement is 
approximately 30% of total battery storage. Even in a worst case scenario, with daily DOD doubled, 
the result from Figure 2, would expect the batteries to operate for approximately 2,800 cycles.  
Batteries cycle roughly once daily, so when the premature failure of the RAPS unit occurred, the unit 
had only operated for 413 days (or equivalent cycles). 
Conclusions 
 The numbers of cycles determined by the graph are close to theoretical values where 
batteries are operated close to ideal conditions. 
 The deeper the batteries are cycled the more damage is done to reduce life expectancy and 
from literature batteries should be recharged immediately after discharge cycle.  
 The difference between the number of cycles from the Sonnenschein guide and the 
recorded data is large. This determines that the number of cycles is not the direct cause of 
the premature failure of the batteries. 
 Beneficial to have a lower DOD cycle during daily operation. 
3.1.2 Temperature and Environment 
The RAPS units are installed externally separate from the consumer household and are exposed to 
natural weather elements, such as rain, wind, dust and temperature fluctuations, these are 
damaging if not controlled. The performance of the battery varies with temperature, a review from 
the manufacturer’s datasheet states that the ideal nominal temperature is 20°C with recommended 
operating range between 10 -30°C. (Sonnenschein, 2012) Every 10°C increase above the nominal 
temperature during operation will halve the battery life, according to Arrhenius chemical law.  
(Groib, 2002) 
Results 
The data collected from the Marton site during the period of operations has been tabulated in Table 
2. The results show the temperature range was between 9.2°C to 34.9°C. The range of fluctuation 
was 25.7°C, and the total average is close to the nominal. 
Table 2: Summary of battery bank temperature data from Marton site  
Date Temperature (°C) 
Minimum Maximum Average 
March 2012 16.1 29.5 22.0 
April 2012 14.6 27.3 20.8 
May 2012 11.4 24.2 18.1 
June 2012 9.2 24.3 16.2 
July 2012 10.4 25.2 17.0 
August 2012 13.0 23.7 17.7 
September 2012 11.6 24.7 17.3 
October 2012 12.5 24.0 17.6 
November 2012 12.8 25.5 18.8 
December 2012 16.9 32.0 23.4 
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January 2013 18.2 31.1 24.0 
February 2013 19.0 31.6 24.6 
March 2013 19.0 34.9 24.4 
April 2013 16.3 28.8 20.7 
TOTAL AVERAGE 20.2 
 
The batteries are placed in an insulated enclosure to mitigate dust and water damage and help to 
keep temperature steady. The Sunny Island inverter is used to actively monitor the temperature of 
the batteries and adjusts the charging and discharging rates accordingly. The cooling and heat 
system is ineffective as the data shows fluctuation of the temperature to high and low levels. 
Conclusions 
 The data showed no major periods where the batteries had operated for long durations 
from the recommended temperature range, but this will still have an effect on the batteries 
life expectancy. 
 Temperature peaks and lows are just for short periods. 
 Hot temperatures are more damaging to batteries. 
 Cold temperatures will temporarily reduce capacity and recharging rate. 
 Cooling from the existing system is unable to keep temperature constant.  As extreme heat 
will typically correlate to high PV generation (surplus energy), this provides a good 
opportunity for cooling. 
 Maintain temperature close to nominal value will reduce deterioration of the batteries. 
3.1.3 Depth of Discharge 
The industry literature recommends that lead-acid battery should be discharged no lower than 20% 
of the initial capacity then immediately recharged. (Buchmann, 2011) The Sunny Island inverter 
settings allow the batteries to be discharged down to 55% of the battery capacity. If discharged 
lower, then the diesel generator will start-up to supply electricity and charge the batteries up to 75% 
of capacity. (Smithies, 2012) Recharging to 75% State of Charge (SOC) is designed to leave capacity 
for PV generation to be absorbed by batteries. The Sunny Island inverter determines the batteries 
SOC by using the ‘Coulomb Counting’ method. 
Results 
The data collected from the Marton site has been graphed to show the number of occasions that the 
batteries were below the recommended 80% SOC, in four stated regions between 0 -80% SOC, in 
Figure 3. Seasonal trends can be observed from the graph, as more electricity is consumed in the 
winter along with lower PV generation, this result in the operations of batteries in a lower SOC. 
There were a total of 969 times during operations that the battery bank was below 80% SOC in each 
of the four stated regions. 
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Figure 3: Frequencies operations of the battery at different state of charge regions 
The batteries total time below 80% SOC, was 250,993 minutes (approximately 174 days) which 
equates to approximately 42% of total operational time. This is considerably high, and will cause 
damage to the battery as well as reduce the life expectancy. Further breakdown into the 
investigation can be found in Appendix C. 
Conclusions 
 Batteries regularly discharge below recommended state. 
 The time spent below recommended battery SOC was both frequent and long. 
 The management system does not maintain the batteries SOC at a high or full charge state. 
 By decreasing the frequency which the battery reaches a low state of charge, and the time 
spent before recharge, there is a large opportunity to prolong the life expectancy of the 
batteries. 
3.1.4 Sulfation 
Sulfation is the process where the lead plates reacted with sulphuric acid to form lead sulfate, which 
occurs during battery discharge. If the batteries have been partially discharged for a short period, 
the lead sulfate will crystallize and will not redissolve during the recharge stage. 
This further reduces the capacity of the batteries, along with diminishing the lifespan as internal 
damage caused by the growth of hard crystal can crack the battery cell plates. The longer the period 
spent below 80% SOC, the more damage caused which will reduce the life expectancy. This can then 
led to the premature failure of the batteries.  
Results 
The long durations and frequent periods spent below the recommended lead-acid batteries SOC 
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Conclusions 
 Sulfation has detrimental effect on lead-acid batteries as it will reduce both capacity and life 
expectancy. 
 Temperature and other variables can increase the build-up of sulfation. 
 It is beneficial to operate out of conditions that will cause sulfation. 
3.1.5 Recharging Procedures 
Lead-acid batteries are recommended to follow a three stage charging sequence: bulk, absorption 
and float charging modes. The Sunny Island inverter charge logic is shown in Figure 4. (SMA, 2007) 
After a discharge cycle it is important to recharge the batteries as soon as possible to minimise any 
potential damage caused. The chemistry of the lead-acid batteries restricts the recharge rate, if this 
rate is exceeded it will reduce the life expectancy of the battery. Gel type batteries have electrolyte 
in a fixed state which will further restrict the charge rate. 
 
Figure 4: Sunny Island inverter charging logic (SMA, 2007) 
Temperature fluctuation will also alter the charge rate, with a slower rate during cooler weather and 
the opposite for warmer conditions. Depending on the season and weather, the PV can generate for 
up to twelve hours, with charging modes decided by the inverter. 
The battery bank has individual battery cells connected in series and will have slightly different 
characteristics, so between charging and discharging cycles the battery cells will become 
imbalanced, which the completed charging sequence is aimed at correcting. The breakdowns of the 
recharging procedures are in Appendix C. 
Results 
In normal battery operations the battery usually cycles between three predominate charging stages; 
bulk, boost and float. The RAPS unit at the Marton, until the failure, had only been through one full 
recharge stage and two equalisation charge phases. There have been no past records of any setting 
changes to the full charge stage.  
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The operation of the equalisation charging stage during periods of insufficient PV generation has 
resulted in very inefficient use of diesel generation and high diesel expenses (as this cannot be 
controlled dynamically i.e. scheduled to a good PV forecast). Attempts were made to resolve the run 
frequency to reduce consumer fuel expenses. This is due to the current commercial model where 
consumers are responsible for the cost of diesel. 
Conclusions 
 The results indicate that both full and equalisation charges are not carried out regularly 
which is recommended by both manufacturer and industry guidelines. 
 Batteries not fully charged or maintained sufficiently are likely to have an increase in 
sulfation and therefore reduction in battery life. 
 Management settings for the recharging operations may not be set correctly. 
3.2 PV Generation and Loading Demand 
The electricity consumption and generation at the Marton site has been summarized in Figure 8 and 
9 in Appendix D.  
Results 
The data analysis, shown in Figure 8, clearly reveals the diesel generator frequency of operations 
increases between the months June and September. This was due to insufficient PV generation, 
although there were periods during winter where PV generation was reduced because the diesel 
generator was operating and the batteries are restricted to a limited recharge limit. A correction has 
been made so that PV generation available will take priority over the operation of the diesel 
generator. 
Additional PV panels have been installed to provide extra generation, however this was still unable 
to meet the high demand during winter and the diesel generator had been required when the 
consumer consumption was greater than supply from both the battery bank and PV generation. 
During the summer the PV output was generally higher than consumption required however there 
were periods of up to seven hours where PV generation had reduced. 
Note from section 3.1.3, the system setting allows high DOD and limits the targeted maximum SOC 
that the diesel generator can recharge, so that the batteries could absorb surplus PV during the day. 
In the summer, the surplus PV may make this effective. In winter, less PV means this will be effective 
less often, which cause long periods of damaging high DOD. 
Conclusions 
 Winter period lacks the sunlight intensity and time duration to charge the batteries fully. 
 There are periods where PV generation had decreased output due to limited charging rate 
and consumer consumption. 
3.3 Analysis Summary 
There have been a number of issues which have affected the RAPS unit, due to various components 
involved and variables associated. A system failure can be a result of two issues, either a critical 
component has failed or several issues have had compounding impacts to a certain component. 
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The investigation and research has resulted in the conclusion that the batteries have been affected 
by many variables which has led to the decrease in the life expectancy. The periods between June 
and September have had high frequent and long periods of poor DOD, which along with the 
equalisation policy are the key drivers of the failure. These conditions are ideal for the increase in 
sulfation of the batteries.  
Additional time and investment will be required to resolve these issues with the current RAPS unit. 
The analysis of the data has revealed numerous issues which have affected the batteries. Potential 
improvements for the RAPS unit can be found in section 4. 
4 Potential Solution 
From the findings, there have been investigations into different possible solutions which can be used 
to mitigate the risk of the batteries in the RAPS unit failing prematurely. The following will determine 
what changes can be made to improve the batteries lifecycle. For impacts on the system and 
implementation requirements further information can be found in Appendix E.  
4.1 Battery Bank 
4.1.1 Capacity 
An increase in battery bank will improve the performance of the RAPS system and increase the life 
expectancy. This result may require a larger PV array and/or diesel generator to maintain batteries 
at a reasonable state. 
The risks involved are low, and will not adversely affect the overall system. Currently there are larger 
RAPS units with approximately 6kW PV array and ESUs with batteries with a C100 rating of 830 Ah or 
1130 Ah.  
The larger batteries and higher installation costs will require a higher CAPEX. The resultant effect will 
be minor and the annual operational costs will decrease slightly, due to a reduction in diesel 
generation required. 
4.1.2 Management System 
The investigation of lead-acid batteries have given the impression that these batteries are not as 
durable in an off-grid application so a tighter management scheme can reduce the impact of the 
issues that are likely to decrease the battery life. The following management system should be 
actively or better monitored to reduce any potential damage to the batteries, these are summed up 
below with further explanation in Appendix E:  
 Temperature - Maintain batteries close to constant 20°C. 
 DOD - Manage operational range closer to the recommended discharge of 20% capacity. 
 Charging operations - Have bulk and absorption charging operations completed frequently.  
 SOC - Keep the batteries SOC as high as possible throughout the day or boost during the 
evening. 
 Battery usage - Reduce battery discharge, through load management. 
 Monitor battery condition – If a battery issue/problem occurs then have either automated 
or manual safe guard resolution. 
 Early intervention - System predicts potential issues or problems and tries to mitigate it. 
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 Dynamic management settings - Able to set charge settings and maintain SOC levels by 
adapting to forecast of seasonal or weather conditions. 
 
These settings can be implemented into both new and existing RAPS units; however there are 
extreme difficulties in optimally balancing PV generation and CAPEX of equipment. The main cost in 
the initial implementation of this solution is the time required for refinement and testing, these are 
considered to be a one-off cost. After the solution has been refined, the installation costs required 
for the current or future RAPS units will involve the time to updated software settings and the 
implementation of addition hardware.  
 
Figure 5: Comparison of management improvements showing the complexity of balancing between 
battery SOC, PV and diesel generation 
After screening out the potential management settings, it was determined that monitoring the 
battery condition and early intervention does prevent the batteries prematurely failing. The other 
settings were then analysed on how they impact on the battery SOC, CAPEX and, along with PV and 
diesel generation, this is shown in Figure 5. The values used in the graph are a rough estimation 
determined from professional opinion and a review of the literature. 
4.1.3 Chemistry Type 
As technology has advanced better batteries have been developed that outperform lead-acid 
batteries. A review of the common battery chemistry types has found evaluated that Lithium Iron 
Phosphate (LiFePO4) is the most suitable battery replacement option. There are greater risks 
involved when a component of an existing system is changed, and commercial implementation of 
these lithium batteries in an off-gird environment has not been done before. 
Table 2, compares the battery types: LiFePO4 and deep cycling lead-acid battery (Sonnenschein A600 
720). The lead-acid battery has approximately twice the total capacity; however the lithium battery 



















Recharge to high SOC
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Table 3: Comparison between deep cycle lead-acid and Lithium Iron Phosphate (Hadley-Jones, 2013) 
Battery Chemistry Type Deep cycle lead-acid Lithium Iron Phosphate 
Cost $14,010 $12,000 
Actual Capacity 31.68 kWh 15.36 kWh 
Daily DOD 32% 65% 
Weight 1152 kg 125 kg 
Standby Life 15 Years 15 Years 
Cycle Life 2250 5500 
Charge Power 2.90 kW 45.00 kW 
Discharge Power 2.90 kW 45.00 kW 
Temperature Minimum 10°C 0°C 
Temperature Maximum 30°C 60°C 
Self-discharge per day 0.1% 0.1% 
Efficiency 85% 98% 
4.1.3.1 Cost-Benefit Analysis 
Benefits 
The key characteristics that LiFePO4 battery has an advantage over the lead-acid battery are: 
1) During normal periods battery SOC can operate and remain between 20 – 80%  
- Allows batteries to remain at lower SOC for periods of poor PV and on good PV days are 
able to be recharge rather than the uses of diesel generator. 
2) Discharge and recharged rates are up to three times faster 
- Can utilise more PV generation during the day to charge batteries rather than backing 
the PV off. 
3) Does not require any periodic or reconditioning charging 
- Major reduction in diesel consumption, which is a saving to consumer. 
 
And other features are: 
 Cell voltage approximately 3.6V, so few cells are required for a 48V system. 
 Maintains higher and more constant voltage during discharge. 
 Greater depth of discharge cycling, with useable capacity up to 80%. 
 Very low self-discharge rate. 
 Higher columbic efficiency (losses between charging and discharging cycles) up to 95%. 
 Longer battery life expectancy, with higher discharge cycling. 
However there are still a few disadvantages that are of concern with lithium battery, which are: 
 Batteries are more chemically reactive so special safety precautions are required to prevent 
both physical and electrical mistreatment. 
 Can cease operation if the battery is over or under charged than recommended 
requirements. 
 Overcharging can reduce capacity or result in thermal runaway (battery self-destruction). 
 Can overheat from fast or high amounts of current while charging and discharging. 
 Requires a protection circuit or Battery Management System (BMS) which can very accurate 
monitor voltage and balance each battery cell. (Schwab, 2011) 
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From analysing the characteristics of both batteries, it has been observed that LiFePO4 is a viable 
option to replace the lead-acid batteries, as the characteristics better suit rural application, 
eliminating most issues associated with the current battery type. 
Costs 
A trial should be carried out before further investment is committed. The trial costs are considered 
to be one-off and are higher than production of further rollout of the RAPS unit. 
The cost of the lithium batteries is similar to lead-acid, so there are unlikely to be any significant 
changes required to the CAPEX. As future systems are built the costs are likely to decrease due to 
continuing decreasing prices of batteries and materials. 
It is expected that maintenance costs will remain the same, as period inspections are required for 
the overall system. 
4.2 PV Generation 
Installation of additional PV panels will increase the electricity generation capability of the RAP 
system particularly during the winter seasons with lower sunlight levels. Depending on the size 
increase of the PV array, an additional or larger solar inverter may be required. 
The risks involved are low, as the increase in PV generation will not have any significant impact on 
the overall operation of the RAPS unit although the installation will require more land.  
An increase in CAPEX is required to implement this solution, as the costs of installation and materials 
are increased. During summer the PV may back-off, because of battery charging limitation, and this 
will then reduce the efficiency of the system and result in capita; over-investment. 
4.3 Hybrid Renewable Model 
The hybrid renewable model will result in the RAPS unit having a primary and secondary source of 
electricity generation. This method supports the charging of batteries which will keep them at a 
higher SOC. A renewable source such as wind turbine or micro hydro will act as the secondary source 
of generation. 
The risks involved to the overall system are minimal, compared to the secondary generation source. 
The additional generator has moving parts and is likely to encounter damagers by environmental 
impacts; this will make it less reliable and increase maintenance requirements. The feasibility of this 
solution will vary between sites and may not be suitable option in some cases. 
Additional CAPEX is required for the additional equipment and installation of the generator.  With 
the increased failure risk of the generator, it assumed that an increase in maintenance is required 
through site visits, which will results in higher operational costs. 
4.4 Diesel Generator 
The majority of the time the diesel generator is used to recharge the batteries, and is only 
occasionally used to supply peak loads, so replacement with a smaller unit would be sufficient. 
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There is a risk that having a smaller generator in the RAPS unit will decrease the reliability of the 
overall system. The trade-off is a reduction in CAPEX and daily operational costs, and this does not 
directly solve the main issue of the batteries premature failure. 
4.5 Customer Load Management 
Better profiling and gauging of the consumer usage will help evaluate and implement a design that 
better suits the consumer. This may require further reduction in the peak or base demand to move 
the demand into the desirable range for system operation. 
There are no direct risks involved in the RAPS unit with the implementation of this solution, as this 
involves no modification to the RAPS unit. The solution is dependent on the consumer cooperation, 
so there are risks where this may not happen. 
A larger CAPEX is required for the installation of more efficient appliances or products for the 
consumer house. The trade-off results in lighter loads on the RAPS system which will reduce diesel 
generator operation therefore decrease the fuel bill for consumer. This effectively shifts the daily 
costs from consumers to the electricity distributor through the increase in capital investment. 
The capital investment will vary on a case by case basis, due to different consumer requirements, 
installation costs and planning time required requirements. 
4.6 Summary of Solutions 
The information in all investigated areas contains estimates from professional and researched 
opinions which may not be fully up to date. This should not be interpreted as exact, but viewed as an 
indication with further investigation carried out if deemed worthwhile. 
The summary evaluation matrix in Table 17 in Appendix F, shows that: 
 The majority of potential solutions will improve the battery life expectancy of the RAPS unit, 
with the exception of a smaller diesel generator will have little indirectly affect the battery 
life. 
 The solutions involve four key trade-off in the system which must be considered are: 
- PV generation (can this be utilised or is there a risk that generation is forced to reduce)  
- Battery SOC (high SOC will improve life cycle, but may require higher operational costs) 
- Diesel generation (decreases operations or possibility in increase diesel costs to 
consumers) 
- CAPEX (increase in investment benefits the system or shifts operational costs) 
 Some of the improvements are still restricted by the charging limits of the lead-acid 
batteries. 
 The change of the battery chemistry is the better solution as the CAPEX remains similar to 
existing batteries; as well as an increase in the life expectancy and performance. 
 An alternative, which does not require changing batteries, is to implement a dynamic 
management system. This will enable better monitoring of batteries, along with the ability 
to adjust settings to optimally absorb PV generation through predicted weather and 
seasonal forecasts. A product is being development by Enatel, which may suit the RAPS unit 
and is forecast to be ready towards the end of 2014. 
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5 Conclusions 
The failure of the batteries from the Marton RAPS unit was caused by many loosely controlled 
variables and management system settings. The management settings on the RAPS unit have 
allowed the batteries to operate and remain at a partially discharged state. During winter periods 
with low PV generation, this results in frequent and extended periods where batteries are at a poor 
SOC. Along with an inadequate equalisation programme, these issues are believed to result in the 
sulfation in the gel sealed lead-acid batteries, which led to the shutdown of the RAPS unit. 
Causes of sulfation include (but are not limited to): 
 Large DOD levels. 
 Long periods when the battery SOC is below 80%. 
 Fluctuating temperature. 
 Insufficient charging of batteries to a high SOC on a regular basis. 
 Normal discharge and recharge operations. 
 
Sulfation is the formation of small lead sulfate crystals during battery discharge, which are usually 
dissolved back into the acid during recharge. During natural again or as a result of poor maintenance 
of the batteries these crystals will grow larger and become hard. This will cause physical damage 
within the battery cells and results in a decreased of capacity and life expectancy. 
All the above issues are factors which will have a negative impact on the life expectancy of the 
batteries. In order to minimise this damage to the RAP system, it needs staff members to have an 
effective knowledge about the operation of lead-acid batteries. It is beneficial for staff members to 
have an understanding of the battery characteristics and recognising failure modes as this is useful 
for the prevention of battery failure. 
Batteries will continue to be developed and improved, so there may never be a complete list of 
batteries. However future research will identify potential solutions and understanding. This should 
result in the RAPS unit becoming more reliable and cost effective. 
Any new component added or changes made to the RAP system will need further refinements 
during the testing stage. The modified RAPS unit will need to be monitored for a certain time period 
and evaluated against the designed specifications and goals. After these can be confirmed, then the 
changes can be approved for wider roll out. 
The next sections will describe the recommendations to prevent the premature failure of the 
batteries and implementation steps required.  
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6 Recommendations 
The following factors should be considered when implementing changes to the RAPS unit to improve 
the lifecycle of the batteries are: 
 How significant are the changes likely to impact in the life expectancy of the batteries? 
 Are the changes involved beneficial considering the time and cost required?  
 Does the solution meet the requirement of the current modular unit? 
 What are the impacts on the overall system and consumers? 
 Have the trade-off between capital and operational expenditure, battery SOC, PV and diesel 
generation been considered? 
 
All potential solutions will increase the life expectancy of the batteries in the RAPS units. The 
evaluation of failure of the batteries and potential solutions are summarised in section 4.6, and it 
has been determined that it is of benefit to change from the current lead-acid batteries to the 
Lithium Iron Phosphate batteries. 
The Lithium Iron Phosphate batteries are likely to improve the performance of the RAPS unit, 
beyond the capabilities of the current lead-acid batteries. The next step would be to carry out a 
more detailed assessment which would include an up to date cost breakdown.  
It would be desirable for Powerco to change the battery chemistry to Lithium Iron Phosphate as the 
benefits are: 
 Batteries can operate in a partially discharged state therefore avoid the need to constantly 
be charged at a high SOC. 
 Faster charging and discharging rate. 
 Does not require periodically or equalisation charging. 
 Reduction in weight and size along with easier transportation. 
 Increase in the life expectancy and reliable of the RAPS system for consumers.  
 
The improvement should then be tested, monitored and analysed at a test site, ideally at an existing 
site. The data then should be compared against past data from RAPS sites and manufacturers’ 
guidelines. The result of this trial would provide an empirical indication as to whether the changes 
have improved the lifecycle of the RAPS unit.  
The alternatives to implementing the Lithium Iron Phosphate should also be considered: 
 The risk that new technology can perform differently to what has been stated by the 
manufacturer. This could mean that the actual performance is worse than the current lead-
acid batteries. 
 Partnership with an external provider may help develop a cheaper solution to fit the RAPS 
unit requirements. 
 Install larger lead-acid batteries, renewable or hybrid renewable systems whilst waiting for 
new battery technologies to mature (i.e. Aquion). 
 Install a highly sophisticated and dynamic charge management on the battery and consumer 
interventions. 
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Risks 
The expected risks for the implementation of Lithium Iron Phosphate batteries are: 
 Incorrect management (by over or under charging) or maintenance can halt operation or 
reduce capacity. Careful design parameters must be set to mitigate the early failure risk of 
the batteries. 
 Lithium Iron Phosphate batteries are an emerging technology, so experience within the 
industry is limited; however as the technology develops the industry will be well supported 
with experts. 
 The chemicals in the batteries are more reactive than lead-acid, so additional precaution 
should be taken. 
 Battery management system can fail, so general inspections are still required periodically.  
 
The risks of the implementation of the Lithium Iron Phosphate battery can be managed or mitigated 
through the process of initially identifying the issues. 
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7 Implementation 
The next steps required for Powerco to carry out the implementation of Lithium Iron Phosphate: 
Within one year 
 Further investigation of battery manufacturers and suppliers on the cost and characteristics, 
as batteries are not created the same. 
 Determine a suitable Battery Management System (BMS) to monitor batteries which will 
operate in a rural and off-grid environment. 
 Review design changes required to the RAPS unit for these new batteries. 
 
1 - 3 year period 
 Review options to construct these units either within the business or contracted to external 
supplier or through a partnership agreement. 
 Review the new RAPS unit to confirm that it meets user requirements, standards and 
regulations. 
 Test and evaluate the new RAPS unit at either a new or existing site  for a set period of time. 
 Monitor and review of the system before installation to other future sites. 
 
7.1 Responsibility of Implementation  
The Research and Development team are responsible for further detailed assessment, planning, 
redesigning and testing of the implemented solution to the RAP system. The Electricity Planning 
manager will need to review the final results from the implementation tests and approve the 
changes required.  
7.2 Cost Implementation 
A rough cost estimate for the replacement of the batteries in the RAPS unit with Lithium Iron 
Phosphate batteries are shown in the table below. 
Table 4: Cost estimate for the implementation of Lithium Iron Phosphate in RAPS unit 
Redesign cost $15,000 – $20,000 
Administration and staff cost $15,000 
Battery Management System cost $1,500 
Installation/change cost $10,000 
Testing cost $15,000 
7.3 Future Considerations 
The changes made to the RAPS unit will produce results for a few years. The data should be 
monitored to determine the trend. Then after a three year time period, the data re-evaluated to 
determine if the implemented changes have resolved the lifecycle issue.  
Newer technology batteries may have better characteristics to improve the RAPS unit further, so on-
going development may be required to continue enhancement of the unit.  Further investigation 
should also be conducted into other RAPS components as there may be cheaper alternatives to 
continued upgrading of the battery bank.  
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8 After Action Review 
8.1 What was planned? 
 Investigate the cause of the premature battery failure in RAPS unit for Powerco and 
recommend a solution that can be implemented to remedy the issues. 
 Methodically follow project plan to outline the requirement and deliverables in a timely 
manner. 
 
8.2 What actually occurred? 
 The causes of the premature failure of the batteries in RAPS unit had been determined and 
recommendations have been given to resolve these issues. 
 A lot of extra time was consumed in weekends and nights to ensure that the project 
remained on schedule. This was due delays to the access of information, under estimated 
the time required, data not being readily available and restrictions to analytical tools.  
 
8.3 What went well and why? 
 Progress reports and meetings allowed me to keep track of the project status and identify 
issues and the next tasks required. 
 Was able to work on the project with minimal impact to other staff members, but able to get 
assistance when required 
 
8.4 What can be improved and how? 
 More regular feedback of work progress with sponsor through the project (at least every 2 
weeks) to ensure clearer communication channels. 
 Access to a suitable computer which can access and process large amounts of data, along 
with the use of suitable tools, such as MATLAB would have decreased the time period 
required for analysis of data 
 
8.5 Reflection on personal experiences and development 
The experiences gained from the project have been very important, as the experienced gained 
reinforces all the courses taught in Master of Engineering Management. The project has been 
challenging from the beginning and has taught me valuable skills which will help support future 
career growth. I have learnt that working smarter, by better planning will save more time than 
working harder. 
Working in a large diverse environment has shown me the difficulties and benefits of a business. I 
have gained more appreciation for the how business relationships and departments interact within a 
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Appendix A – Remote Area Power System Unit 
A modular approach is more expensive however the benefits are weighted to be greater, which are 
as follows: (Silk, 2013) 
 Units easily installed (Can be placed on top of concrete slab and consists of three main 
modules). 
 Non-intrusive (Can be installed away from consumers house). 
 Easier to maintain (Increase in load or fault means a new unit can be exchanged). 
 Well protected (Such as from dust and dirt in woolsheds and rodents chewing wires or 
defecating in the area). 
 Minimise safety issues (Such as consumer older equipment and site (e.g. old iron roof)). 
 Standardise a system (Common across site, rather than a series of “one off” and ensures 
compliance and equipment protection standards which are not risked by individual installs). 
 
Photovoltaic Array 
The photovoltaic (PV) panels are connected into a string of array of no more than 600V, with a small 
inverter to convert PV output from DC to AC. The panels are mounted onto a metal structure 
secured to concrete slabs in the ground, which are ideally placed over the two other modular units, 
however the panels can be placed elsewhere for better sun condition to maximise PV generation. 
The usual orientation is on the North evaluation without any obstructing objects in front.  
Table 5: PV panel orientation arrangement characteristic 
PV panel direction orientation Advantages Disadvantages 
East Evaluation Optimal generates electricity 
during morning and noon 
period 
Unable to generate full potential 
during the day 
North Evaluation Optimal generates electricity 
over the entire day 
Unable to target consumer load 
demand and may need to reduce 
generation during midday when 
demand is low. 
West Evaluation Optimal generates electricity 
during noon and late evening 
period 
Unable to generate full potential 
during the day 
 
The orientation of the PV panel can be used for optimal supply electricity generation during large or 
lengthy consumption periods from consumers and reduces the battery depth of discharge required. 
Other orientations from the recommended north evaluation will decrease the amount of time of PV 
generation which will reduce the recharging time of the batteries. 
Energy Storage Unit 
The Energy Storage Unit (ESU) is the central hub of the RAP system which houses the battery bank, 
inverter, communications and management system. The inverter incorporates the management 
system and controls the overall operations of the system which includes the batteries and diesel 
generator unit. The ESU is bolted into a concrete slab in the ground usually under the PV array . 
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The inverter main function is to convert AC electricity into DC electricity to charge the batteries, but 
also: 
 Controls the batteries rate of charge and discharge 
 Records data 
 Operate the diesel generator when required 
 Protects system in undesirable states, by shutting system down 
 Monitors the temperature of the ESU 
 
 The communication system sends data and information from the RAPS unit for remote monitoring. 
Air vents and a fan are used to keep the enclosure temperature constant. If the ESU is not placed 
under the PV array there is a likelihood that direct sunlight will cause overheating, so ideally a roof 
or sheltered area is built on top. 
Diesel Generator 
The diesel generator is usually operated to recharge the batteries during the winter and low periods 
of sun exposure also able to supplies consumer peak demand when limits set exceeds the battery 
and available PV generation capabilities. The generator and fuel tank are placed in the enclosure, 
positioned beside the ESU. 
Appendix B – Solar Tool 
NIWA is a Crown Research Institute of New Zealand, which offers a tool that calculates the predicted 
annual sunlight received at a specific site, called SolarView. The solar irradiance is determined by 
using historic records of hourly irradiance on the surface and produce data along with illustration of 
the site shown in Figure 5. The data used currently refers to the closest NIWA climate station and 
the model neglects any buildings or trees in the area. 
The data extracted from the tool can be used to calculate the annual estimated sunlight for a specific 
site. Using Equation 1, and with the data from Table 6, this calculates the total estimated annual 
sunlight available at the Marton site is shown in Equation 2. 
Table 6: Calculated annual solar energy data for Marton test site (NIWA, 2013) 
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Figure 6: Estimated sunlight exposed at Marton test site (NIWA, 2013) 
Each individual solar panel used at the site has a nominal efficiency of 17 percentage with the area 
occupied approximately 1.28 m2, therefore with 22 panels the total area is 28.16m2 and typically the 
conversion efficiency is approximately half the nominal rate which gives the value of 9%. The 
calculation below gives the approximated annual solar generation at Marton site . (CNPV, 2013), 
(Jinko Solar, 2012) 
                                                                                       (3) 
                                                                         (4) 
Appendix C – Battery Analysis and Information 
Deep-cycling lead-acid batteries generally have two distinctive categories which are either flooded 
or Valve Regulated Lead Acid (VRLA). Flooded types require routine maintenance of topping up 
distilled water into the battery cell and VRLA type are stated as maintenance free. Within VRLA there 
are two subtypes, Absorbed Glass Mat (AGM) which contains liquid electrolyte and gel type , where 
the electrolyte is fixed in a gel state. 
Lead-acid battery during normal operations or in an overcharged state  will cause the breakdown 
process of water in the electrolyte into their element gases hydrogen and oxygen. These gases are 
usually vented, but VRLA has the ability to recombine the majority of the gases back into water, with 
typically gel types has 98% of the gases recombined, before the excess is vented. (Sonnenschein, 
2012) 
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Deep-cycling batteries have been designed for the performances of longer discharge and recharge 
cycles compared to other standard lead-acid batteries, because the lead plates are thicker. The 
recommendation is still not to discharge batteries lower than 20% of the full capacity, because a 
longer recharge period will be required.  Also the internal resistance in the battery will produce heat 
that is damaging when recharged, therefore results in a reduction in the life duration. (Energy 
Matters, 2012)  
PV battery banks usually connected in series, this makes the individual cells easier to become charge 
imbalanced over time. If one of the cells in the battery bank is bad or fails, this will compromise the 
entire battery bank and cause significant damage. (Eaton Corporation, 2012)  
Table 7: Comparison of gel valve-regulated battery against other lead-acid types 
Gel valve-regulated lead acid battery comparison against other lead acid battery types 
Advantage Releases lower amounts of volatile gases 
Lower maintenance required 
Placed in any orientation 
Avoid acid spills 
Disadvantage Cost greater than other lead-acid types 
Slower charging and discharging rate 
Voids can be created in the gel 
 
Cycle Life 
Battery manufacturers test batteries by discharging and recharging them through a continuous 
cycle, this follows the IEC 60896-2 standard. After each discharge stage, it is recharged immediately 
and test is carried out in a controlled environment (current, temperature and voltage). (IEC, 2004) 
The cycling test required by the standard are: 
 Discharge the battery for 3 hours (equivalent of 60% DOD) 
 Charge the battery for 21 hours 
 
The current during the test is kept constant, and the voltage does not exceed 2.4V per cell. Each 
daily cycle should be tested with temperatures between 15-25°C, with the average close to 20°C. 
This cycling is repeated in a batch of 50 cycles, and then checked against the standard until  capacity 
falls below approximately 80% of initial value. (Wing, 1995) 
This produces a graph similar to Figure 2, to theoretically state the number of cycles which can be 
performed in an ideal situation. This models application of when the battery performance drops off, 
it is quickly recharged, so it indicates that: 
 Little time is spent at significant discharge levels 
 Each cycle the battery is fully recharged 
 Provides better maintenance and operation of the individual cells 
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Temperature and Environment 
Temperature is an important factor on the performance of the battery as operations should ideally 
be close to recommended nominal temperature. When the temperature increases, the available 
capacity will increase and a temperature decrease will temporarily reduce the useful capacity. The 
temperature also has an effect on the charging and discharging rates of the batteries. In winter this 
is an issue as the batteries are likely to be discharged deeper. Along with reduced PV generation and 
lower temperatures, will be restricted the rate of which the battery can charge. 
The charging capabilities of the lead-acid batteries are heavily dependent on the battery 
temperature. When the temperature is lower than 20°C, the charging voltage is increased slightly 
and current is decreased 1% per a degree Celsius. The voltage is decreased slightly if the 
temperature is higher than 20°C. 
The battery bank has a temperature probe connected to the Sunny Island inverter, where a fan is 
used to vent heat and on cooler day’s heat can be transferred from inverter through a flap. 
Depth of Discharge 
The DOD setting on the batteries are very important, as this will determine how deeply batteries can 
be discharged. Figure 2, shows the relationship between DOD and expected number of cycles. So the 
higher the DOD rate will result in a lower number of cycles, therefore decreases the life expectancy 
of the battery. 
The last setting alteration to when the diesel generator will start after battery SOC value is reached, 
shown in Table 8. 
Table 8: Diesel generation setting when battery state of charge reached (Smithies, 2012) 
Time period Battery state of charge 
Start Generator Stop Generator 
18:00- 20:00 69% 75% 
All other periods 55% 70% 
 
‘Coulomb Counting’ is a method which uses the movement of current to determine SOC estimation. 
The operation calculates the energy based on balancing ampere hours, which means the flow of 
current in and out of the battery are added together and is based on the nominal capacity. The 
losses through internal resistance, charging and discharging cycles are omitted in the calculation. 
(SMA, 2007) 
For example, a battery will have a fixed capacity of 100 units during a full discharge and recharge 
cycle. The inverter will allow 105 to 110 units back into the battery to compensate for the losses 
occurred. 
This method provides higher accuracy than most other SOC measurement techniques. However if 
the batteries are discharged rigorously, the calculated SOC measurement will consequence lose 
accuracy as the internal losses are higher. (Smithies, 2013) 
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The raw data extracted from the Sunny Island inverter may have slightly lower values than stated 
due to uncertainties and errors. The data collected was from 1 March 2012 to the 29 April 2013, are 
used in the following tables and figures below. Table 9, shows the frequency of the batteries from 
the Marton site which has operated below the recommended 80% SOC. Four groups have been set 
up to determine, how deeply the batteries are discharges. 
Table 9: The frequency of batteries discharge at different battery state of charge at Marton site  
Dates Battery state of charge frequency 
80%-71% 70%-61% 60%-51% 50%-0% 
March 2012 22 9 3 0 
April 2012 31 15 5 0 
May 2012 56 30 8 0 
June 2012 63 46 12 0 
July 2012 60 60 22 0 
August 2012 60 48 14 0 
September 2012 55 28 5 0 
October 2012 34 7 0 0 
November 2012 29 8 1 0 
December 2012 25 3 0 0 
January 2013 35 6 1 0 
February 2013 33 12 1 0 
March 2013 41 18 4 1 
April 2013 34 18 5 1 
TOTAL 578 308 81 2 
 
The duration of the battery in different SOC charge regions are stated in Table 10. Note: The data 
collected from the inverter was sampled approximately every minute, with every couple of entries 
had accumulated one or two seconds. From analysing the data, every two minutes of data collected 
from the inverter an extra second was required to compensate for the accumulated error. This has 
been corrected to provide more accurate duration of time. 
Table 10: The duration of batteries discharge at different battery state of charge at Marton site 
Dates Battery state of charge total duration in minutes 
80%-71% 70%-61% 60%-51% 50%-0% 
March 2012 8211 2829 530 0 
April 2012 10668 2517 886 0 
May 2012 13464 7622 1577 0 
June 2012 15035 9924 1758 0 
July 2012 11998 16769 3498 0 
August 2012 15493 10007 2757 0 
September 2012 17961 5373 1275 0 
October 2012 9848 2965 0 0 
November 2012 7669 1619 324 0 
December 2012 6857 655 0 0 
January 2013 11215 2001 191 0 
February 2013 8703 3591 193 0 
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March 2013 11699 4610 247 153 
April 2013 11354 4195 605 2147 
TOTAL 160175 74677 13841 2300 
 
Table 10 data has been used to plot the graph in Figure 7. The impact of winter can be clearly 
observed, as poor PV generation and increase demand has resulted in batteries discharged to a 
lower SOC for a longer durations. This is quite damaging to any types of lead-acid batteries as the 
preferred state is to remain charged and stored at a high SOC, with only short discharge periods. 
 
Figure 7: The time period of the battery at different state of charge for each month 
Table 10 shows the RAPS unit at Marton site with the total operational time and duration of the 
batteries when lower than 80% SOC. The results shows that the batteries were below 80% SOC for 
approximately 42% of the total operational time, this is considerably high, as recommendations 
state lead-acid batteries should be recharged to full capacity as soon as possible.  
Table 11: The Marton site battery state of charge duration 
 Total Time period (minutes) Days 
Total period of operation 594,720 413 
Total period batteries SOC under 80% 250,993 174 
 
Majority of the evenings the batteries are usually below 80% SOC, for durations of up to ten hours 
daily. When occupants have switched off appliances and lights for the night, the batteries are usually 
around 70% SOC, this slowly discharges down to 60% before PV or diesel generation starts up to 
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Sulfation 
Sulfation is the chemical reaction that form lead sulfate which will crystallize to small crystals. This 
process can be reverse through recharging the battery, although naturally after numerous cycles of 
the batteries during normal operations, there will be a gradual formation of larger stable crystals. 
These crystals cannot be redissolved when recharging the battery. 
This process can accelerate when the batteries are: (Duryea, Islam & Lawrance, 2001) 
 Unused for a period of time 
 The cell plates are exposed to the air 
 Charge levels incorrect set or managed 
 Consistently undercharged during operations (i.e. rarely or never at all fully recharged) 
 Left in a discharge state or charged up to levels lower than 90% capacity 
 
Hardened sulfate constantly forms when the battery cycles in the middle of capacity  range (20-80% 
SOC). (Battery Stuff, 2012) An equalising charge every month will reduce the sulfate from hardening, 
although this process should not be carried out for gel type batteries unless stated by 
manufacturers. During equalising charge the hard crystal may fall off the cell plates and cause short 
circuit between cells, but this will unlikely happen with gel type batteries, instead voids can be 
created. (Catherino, Feres & Trinidad, 2004) 
There is a relationship between the sulfation and temperature of the batteries, the swing in 
temperature will promote enlargement of the crystals. In slight warmer conditions the small crystal 
will dissolve and the growth is encouraged in cooler temperatures. 
Recharge 
If recharging rate is not restricted to voltage or current limit, it will cause more gassing to the battery 
and therefore decrease the life expectancy. Lead-acid batteries especially gel types should be 
recharged at a slow continuous charge cycle for ideally eight to sixteen hours. Gel type have slower 
charging rate due to the electrolyte being in a fixed state and are more sensitive to over-charging. If 
incorrectly charged it will result to poor battery performance and premature failures. (Battery Stuff, 
2012) 
Lead-acid battery should ideally follow three charge step procedure, which are: 
 Have current fixed at a limit, until voltage reaches a set limit 
 Then voltage is held at fixed value until the current decreases to roughly 2% of battery 
capacity in Ah. 
 After it switches to float charge, where current is trickled to keep battery charged 
Temperature affects the charging rate, so cooler weather requires a longer charging period. Winters 
are unfavourable conditions for lead-acid batteries as low PV generation and charging rate limited.  
Bulk Charge 
The bulk charging stage is the most common charging mode carried out as this usually brings battery 
SOC up to 80%. The charge current is set close to the allowable maximum limit and kept constant 
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and in the process will increase the battery voltage. When the battery voltage reaches a predefined 
value, this stage is completed. 
Absorption Charge 
This charging stage will help with the battery performance and life, the battery SOC will be brought 
up higher than 80% which reduces sulfation build-up. The batteries are charged with a set constant 
voltage for a fixed period of time, options are shown in Table 12.  
Optimally this stage should charge the batteries with a set voltage until the current decreases to a 
set limit, then charging should cease. (Victron Energy, 2002) But with a fixed time for absorption 
charge, this can cause the batteries to be overcharge and consequently shorten the life expectancy. 
Table 12: Charging time for different absorption phase cycle charge 
 Absorption phase cycle charge (SMA, 2007) 
 Boost Full Equalisation 
Set time period 150 minutes 5 hours 10 hours 
Note: Default setting for Boost was 120 minutes, but has been altered on 17 July 2012. (Smithies, 
2012) 
Boost Charge 
Most commonly chosen cycle by the inverter as high charging rate close to maximum limit is applied, 
which result in short period required. This stage usually stops when battery capacity reaches 
approximately 85 to 90 per cent. 
Full Charge 
This cycle usually initiates every fourteen days, which brings the charged capacity level to 
approximately 95%. This aims to remove any negative effects caused by insufficient charging of the 
batteries. Regular charging cycle is selected by the inverter approximately every two to four weeks 
which should result in doubling the service life of the batteries. 
A deeper discharged battery requires a longer absorption charge than a lightly cycled battery. The 
reason is that a quick discharge usually depletes the surface of the plate, which causes the battery 
voltage to momentarily drop before recovering; this is when the lead from within the plate replaces 
the depleted region. Hence a quick recharge is sufficient, however a deep cycled battery will have 
the lead within the plate are depleted further than the surface, therefore requires a longer duration. 
Equalisation Charge 
Equalisation charge is automatically performed every 180 days which is a controlled overcharging 
process of the battery bank. Sonnenschein recommends that equalisation is required after deep 
discharge or inadequate charging and should be carried out every one to three months. The cycle 
aims to correct the battery cells, by slowly recharging the batteries to make weaker cells have the 
same SOC as the others, which will prolong the battery life expectancy, as well as restore some lost 
capacity by reducing some sulfation. 
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This requires ten hours to complete, however it is difficult in winter, as low PV generation will 
require diesel generator to operate for long durations.  
Breakdown of hydrogen and oxygen gas will occur, so is ideal for wet lead-acid type batteries, which 
can be topped up with distilled water. Sealed gel type batteries, are not recommended to have 
equalisation charge done, unless specified by the manufacturer. This process can cause the 
development of voids or shrink the gel and therefore reduce the capacity. This is noticeable when 
the vent cap is dimpled in and/or the contraction of battery walls. 
Float Charge 
After batteries SOC is close to full capacity, the charging voltage drops to a lower level, to reduce the 
rate of gassing and prolongs the life of the batteries. A slow trickle current is applied to maintain the 
batteries at a high SOC, this counteracts the internal resistance (self-discharge). 
Deep cycle batteries left discharged for long periods will cause hard lead crystal to fill the pores in 
the cell plate. Statistically, 30% of batteries currently sold reaches at least four years. Up to 80% of 
all battery failure is related to sulfation build-up. (Battery stuff, 2013) The build-up occurs when 
sulfur molecule from the electrolyte (battery acid) coat the lead plate cells more increasingly as the 
battery is discharged deeper. There are numerous causes of sulfation, which after a while will cause 
the battery to fail which are listed below: (Battery Stuff, 2012) 
 Long duration between charges (less than 24 hours in hot weather & several days of cooler 
weather). 
 Battery stored undercharged or not regularly charged. 
 Undercharging the battery, only 90% or below of capacity will allow sulfation of the battery . 
 Increase in heat temperature will increase the internal rate of discharge. 
 Battery plates exposed to the air will immediately sulfate, either from low levels or voids in 
electrolyte. 
 Incorrect charging levels or settings. 
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Appendix D – Marton Generation and Load 
 
Figure 8: Marton electricity generation and consumption from 9 June 2012 to 17 April 2013 
 



























































Marton site PV generation derated 
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Appendix E – Potential Resolutions 
Increase Battery Capacity 
The designed capacity size of the battery is absolutely critical to the performance and the lifecycle of 
the RAP system. If the lead-acid batteries are designed too small, the batteries will be discharged too 
often and a too large battery bank will be unable to regularly be fully charged. Both situations will 
reduce the life of the battery. 
Increased battery capacity will reduce the DOD required and slightly increase the maximum charging 
rate; this will reduce the deterioration of the life expectancy of batteries 
Management System 
This is a summary of the breakdown of each of the suggested changes to the management system, 
with changes required along with the positive and negative outcomes. 
Table 13: Management operational changes 




- Better insulation  
- Better ventilation 
- More/bigger fans 
- Ideal cooling during 
summer with peak 
electricity generation  
- Heat provided by diesel 
generator during winter  
 
- Keeps battery charge rate 
constant 
- Improve battery life 
- Decrease heat damage 
- Increased capital 
investment 
- Probable to require 
changes to design  





level close to 
20% 
- Inverter setting changed 
to a shallower discharge 
value 
- Increase battery life 
- Decrease sulfation 
growth 
- Reduction in PV 
generation during the 
summer (wasted) 
- Increase operations of 
diesel generator 







- Change the level, so the 
battery can be accept 
more charge. 
- Implement system to 
continue charging until 
both bulk and absorption 
charging stages are 
complete 
- Increase battery life 
- Reduce sulfation build-up 
- Potential reduction PV 
generation to recharge 
batteries 
- Increase operations of 
diesel generator 




high state or 
boost 
batteries 
levels in the 
evenings 
- Change the SOC level to 
be higher, so diesel 
generator will keep the 
batteries maintained at a 
set value 
- Change the evening 
boost setting by increasing 
- Increase battery life 
- Reduce sulfation 
- Risk in reduction PV 
generation to recharge 
batteries 
- Increase the operation 
of the diesel generator 
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the SOC charge limit and 
time period this is 





- Manage consumer loads 
- Delay non-essential loads 
and appliance 
 
- Increase battery life 
- Higher battery SOC 
- Reduce diesel generation 
 
- Costly implementation 
- May reduce PV 
generation 





- Additional programming 
- Hardware required to 
disconnect load 
 
- Provide system with 
more time to connect 
diesel generator before 
system shutdown 
- Installation costs 
Early 
intervention 
- Implement setting or 
hardware changes 
 
- Carry out corrective 
procedures to help prevent 
failure of RAPS unit or 
maintain operation until 
next service 
- Increased costs 








- Implement setting or 
hardware changes 
 
- Increase battery life 
- Optimally use PV to 
charge batteries 
- Reduces diesel 
generation 
- Able to change rules to 
better suit seasonal 
conditions 
- Better control and 
management of batteries 
- Intricate to have 
prediction of weather 
self-determine or 
communicated to unit. 
 
Dynamic management system does currently exist for forklift charger, as an example from Enatel. 
Current developments are on-going and a produced product from Enatel which may suit the RAPS 
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Battery Chemistries 
Advancement into the 150 year old mature technology in lead-acid batteries, changes made are 
minor with slight alteration to the characteristic. New battery chemistry technologies have been 
developed since and have progressed towards being more commercially available. Figure 10, shows 
lithium batteries have a greater specific energy density than other batteries. (Lawson, 2013) 
 
 
Figure 10: The weight and capacity of different battery chemistry type (Lawson, 2010) 
There was an investigation into different battery chemistries and characteristics, main stream 
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Table 14: Summarized characteristics of common battery types (AA Portable Power Corp, 2013) 
 
Nickel-Cadmium (Ni-Cd) technology have characteristics are slightly better than lead-acid, with the 
ability to be rapidly discharged without any damaged caused. However the disadvantages are the 
battery contains highly toxic material, maintenance is required every month or two, high self-
discharge and can suffer memory effect (which means a loss in capacity can occur when recharge d 
and discharged to the same state repetitively or if the battery is kept at a high SOC and not 
discharged regularly). The battery could suit the RAPS unit, because of the faster charging rate, the 
ability to cycle and operate at a lower SOC for long duration of time. 
The next generation (superseding) technology is Nickel-Metal-Hydride (NiMH), referred by the 
battery industry as the interim battery technology before the lithium battery.  (Buchmann, 2011) It 
has similar characteristic of Ni-Cd, but has 30 -40% more capacity. It is a safer and cheaper option 
than lithium batteries. The significant disadvantage of the battery is that it has a very high self-
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discharge rate, typically loses 4% of charge daily and requires a complex charge algorithm. Large 
cycling of battery will reduce the life expectancy. 
Lithium based battery are becoming more cost effective solution to replace the older lead-acid 
battery technology. The technology initial, showed great negatives with safety issues, but recent 
development has led to safer chemistry types such as Lithium-Ion, Lithium Iron Phosphate and 
Lithium Polymer. (Battery Stuff, 2013) Each chemistry base has slightly different characteristics, but 
the core trait is the batteries have a higher density of charge per specific weight, shown in Figure 11. 
 
 
Figure 11: Specific energy development of batteries (Gerard J.T. & Sood A., 2009) 
The characteristics of lithium based batteries have been observed to generally suit the conditions 
and operations of existing and future potential RAPS sites. The battery SOC can contentedly operate 
between 20 to 80%, giving a wider DOD range than lead-acid batteries. Lithium batteries do not 
require to be charged straight after a discharge cycle so can operate contently in the winter season 
when there is low PV generation. Batteries have the capability to handle fast discharge and recharge 
rates. 
The same capacity offered by lithium batteries is smaller and lighter than lead-acid types which 
mean the ESU can be smaller. As a result a smaller and more mobile vehicle can be used to transport 
the RAPS unit, and heavy lifting equipment would not be necessary.  
Care is advised, as a short circuit with lithium batteries can quickly raise the cell temperature. When 
it approaches lithium melting point it can cause thermal runaway, which is internal destruction of 
the battery. Lithium battery must be managed properly, as operations in the extremely high or low 
SOC regions can cause the battery to cease working. Therefore protection circuit or BMS is highly 
recommended to reduce any detrimental effect which will reduce the battery life expectancy. It 
should also mitigate operating in undesired temperature range and avoid damaging peaks by 
limiting the voltage and current.  
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The protection circuit or BMS is no ultimate means for protecting the lithium battery, as it can only 
safeguard external faults. Any internal defects or faults within the cell of the battery are unable to be 
protected or intervened. Lithium is much more reactive than lead, so a protective case can be used 
to enclose the battery as an extra layer of protection. 
Lithium battery self-discharge is relatively low compared to both nickel and lead-acid battery types 
and do not require any periodic discharge or recharge. This battery type with a well implemented 
management system means maintenance required should be relatively low. (Battery Stuff, 2012) 
Lithium Iron Phosphate (LiFePO4) batteries are the safest type of lithium batteries, with no tendency 
of overheating or catching on fire when punctured. The battery is not hazardous to people or the 
environment. LiFePO4 does have less energy density than other lithium ion and polymer battery 
initially; but energy density will remain higher, as the battery is more stable. The life expectancy for 
LiFePO4 is approximately five to seven years. 
Lithium Cobalt Oxide (LiCoO2) delivers the highest energy density battery; however the chemicals are 
less thermally stable than LiFePO4.  Expensive electronics are required to monitor battery to 
counteract this problem. The expected life of Lithium-Ion batteries are approximately three years. 
(Battery Stuff, 2013) 
Table 15, shows four of the main Lithium-Ion battery types, all of them have slightly different 
characteristics and features. The Lithium Iron Phosphate is possessed with the greatest thermal and 
chemical stability which provides a safer battery. However the trade-off with better safety is that 
there is a lower cell voltage and reduction in energy density of up to 14% from the other types of 
lithium batteries. (Lawson, 2008) 










Voltage 3.60V 3.80V 3.30V 3.60/3.70V 
Charge limit 4.20V 4.20V 3.60V 4.20V 
Cycle life 500 -1,000 500 -1,000 1,000 -2,000 1,000 -2,000 
Specific energy  150 -190Wh/kg 100 -135Wh/kg 90 -120Wh/kg 140 -180Wh/kg 
Current rate  1C 10C, 40C pulse 35C continuous 10C 
Safety 
Average. Requires protection circuit 
and cell balancing of multi cell pack. 
Requirements for small formats with 
1 or 2 cells can be relaxed 









150°C 250°C 270°C 210°C 
 
Increase PV Array 
Trends of decreasing PV costs are expected to continue in the near future, with the increase 
improvement of efficient and life expectancy. The expected life of PV panel is greater than twenty 
years, before it deteriorated to 80 per cent of initial capacity. In the table below, it list some of the 
potential designed set-up for the PV generation. The issue with increase in PV generation is that the 
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charge current is still restricted by the lead-acid batteries. So the maximum output of the PV 
generation is determined by the consumer load and charge current of the batteries at that a given 
point of time. 
Table 16: Different design PV array set-up 
Potential PV set-up Advantage Disadvantage 
Design for summer sunlight 
conditions 
- Optimal generation in summer 
- Smaller PV array 
- Small CAPEX required 
- Requires regular diesel 
generation during winter 
Batteries charged optimally on 
for short periods of the year 
Design for winter sunlight 
conditions 
- Able to generation all year 
round 
- Batteries charged to full 
potential by PV 
- Larger CAPEX required 
- Efficiency drops in summer, as 
generation is reduced 
Design for the spring and 
autumn seasons 
- Majority of the year there will 
be sufficient PV generation 
- May still not be able to 
provide enough generation 
during the winter period 
 
An example of an additional one to two kW PV array will result in approximately 3-6 kWh extra daily 
could improve the battery SOC, by decreasing the DOD. Assume cost for PV is $4 per watt, the extra 
CAPEX required would approximately be $4,000 - $8,000. 
Hybrid Renewable Model 
The continuation in the advancement of technology, has led to the downward cost trend of 
renewable and distributed generation equipment. Wind turbines and micro hydro are unreliable as a 
primary generator, because these are dependent on wind, which varies and water, these are 
affected by seasonal conditions. 
As a secondary source of generation, wind or micro hydro can provide additional charging to the 
batteries when there are periods with no PV generation. The additional generation will vary in 
reliability and can be less predictable than solar, for instance wind. Electricity supplied during the 
evening to consumer will reduce the battery discharge, which improves the life expectancy and 
decrease diesel generation. 
Diesel Generator 
Diesel generation will consume fuel at a similar rate whether supplying to partial or full load. So with 
battery charge rate limited this is not efficient, therefore a smaller unit will improve the efficiency, 
by decreasing the cost of diesel required. 
A smaller enclosure and fuel tank can be used as a result of the change. As the generator is small it is 
likely to operate more regularly or on a periodic basis, this is beneficial to keep the generator in a 
ready state, when required. However the generator may not have the ability to supply peak 
consumers’ demand. 
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Customer Load Management 
An improvement to the initial design will reduce the electricity demand from individual consumer’s 
house but will be more intrusive due to internal access required for evaluation. Replacement of 
more energy efficient appliances and lighting, as well as the option to switch to gas appliances 
(cooktops, heating, hot water, etc.), will reduce the total and peak electricity consumption. 
Excess PV generation could be diverted into heating the hot water cylinders. The deferral of some 
appliances during the evening to the day, along with the reduction of consumer discretionary loads 
will reduce the battery discharge and therefore the degradation in life expectancy.   
The delay of operating appliances at night is done by shifting non-essential use of appliances to 
operate during the day to utilise the PV generation. The appliances such as dishwasher, laundry and 
heating of hot water cylinder, are just a few examples which can be shifted to the day. Fridges and 
freezers are usually well insulated, so the temperature should be stable during the night if the door 
is not open regularly, the power could be switched off for the night. Electricity can be resupplied 
when PV or diesel generation starts to operate.  
Appendix F – Summary of system 
Table 17: Summary of the evaluation for the different battery improvement solutions 




- Improve battery life 
- Charging battery rate 
limited slightly increased 
- Reduction in DOD 
required 
- Increase CAPEX 
- Increase PV array size 
- Potential increase in 
diesel generator 





- Improve battery life 
- Can be easily 
implemented after 
process of refinement 
- Better monitor and 
controls the setting of the 
batteries 
- Increase costs 
- Complex to refine to 
effectively use 
- Increase Diesel 
generation 
- Back-off PV generation 
2 
Battery chemistry -
Lithium Iron Phosphate 
- Vast improvement in 
battery life 
- Operate in middle SOC 
with larger discharge 
levels 
- Faster discharge and 
recharge rates 
- Does not require periodic 
or reconditioning charges 
- More suited for rural/off-
grid sites 
- Decrease weight and size 
 
- Has not been trialled 
- Have compatible issues 
with current system 
1 
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Increase PV generation - Improve battery life 
- Better winter PV 
generation 
- Reduction in diesel 
generation 
- Increase CAPEX 
- Decrease in asset 
utilisation 
- Charging battery rate 
limited 
4 
Hybrid Renewable - Improve battery life 
- Longer periods 
renewable generation 
- Decrease operation of 
diesel generator 
- Increase CAPEX 
- Increase maintenance 
- Dependant on 
environment 





- Indirectly improves 
battery life 
- Decrease CAPEX 
- Decrease weight and size 
- Reliant on generator 
- Increase maintenance 
- Charging battery rate 
limited 




Customer load - Improve battery life 
- Reduces electricity 
demand from consumer 
- Increase costs 
- Different results 
- Intrusive for consumer 
6 
 
Figure 12 shows the trade-offs of the potential evaluated solutions. 
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Appendix G – Literature Review 
A summary of literature reviewed for this project. 
Table 18: Reviewed literature  
Literature Description Application 
Batteries in a Portable World – 
A Handbook on Rechargeable 
Batteries for Non-Engineers 
(Buchmann, 2011) 
Different battery chemical 
types and information. 
Systematic way to assess issue 
and information of main 
battery types. 
Electricity Industry Act 2010 
(New Zealand Government, 
2010) 
Context of New Zealand 
electricity industry and 
regulation. 
Ensure regulations of 
consumers are met. 
The Electropaedia (Lawson, 
2009) 
http://www.mpoweruk.com 
Battery information and issues. Battery industry cross 
reference checks to assess 
research and manufacturer 
datasheets. 
Shearing Wool Off The Grid: A 
study of the Electricity Acts 
alternative supply clause for 
remote NZ properties 
(Broughton, 2012) 
Analysis of New Zealand 
electricity distribution industry. 
Insights into non-commercial 
rural power system build. 
Overview of New Zealand 
electricity distribution industry 
and rural power system. 
Sulfation in lead-acid 
batteries(Catherino, Frers & 
Trinidad, 2004) 
Analysis of issues associated 
with sulfation of batteries. 
Establish links between 
operational factors which leads 
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Appendix H – Reflective Summary 
Summary of the lessons learnt through the project at Powerco, whilst completing MEM project  
 Valuable industry experiences gained in an electricity distributor (asset owner and operator) 
- Work with a range of people with different skills and background. 
- Interesting information or advice from senior staff members. 
- Learn of engineering roles within electricity industry 
 How important safety standards applied within the business  
- Australia and New Zealand standards 
- New Zealand regulations and legislations 
 Experience working in a large organisation without direct competition with ownership by 
international shareholders, which operated differently to small New Zealand business  
 Knowledge gained from MEM course work was applied and recognised around the company 
 Daily work activates have a large impact to have the ability to access information or personal 
resources, such as: 
- Conferences or Meetings within or external of company 
- Placed on waiting list to get issue resolved 
- Holidays or illness of required staff both internally or external  
- Maintenance outages 
- Staff members occupied by other projects or work 
 
If this project was to be completed again, I would approach this with more time in the planning 
process. But because of the time constraint with the later start, I was under pressure and eager to 
start project as soon as possible. I have learnt most importantly throughout the project that working 
hard is not enough to achieve excellence, but it is through working more smartly. 
The experiences gained from the project have been very important, as the experienced gained 
reinforces all the courses taught in Master of Engineering Management. The project has been 
challenging from the beginning and has taught me valuable skills which will help support future 
career growth. I have learnt that working smarter, by better planning will save more time than 
working harder. 
Working in a large diverse environment has shown me the difficulties and benefits of a business. I 
have gained more appreciation for the how business relationships and departments interact within a 
business context 
